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Abstract  
Visual acuity, the clarity of vision, is an important aspect of the visual system. Understanding the 
visual acuity of various species provides insight into how animals perceive and interact with their 
environment, and it helps to create a cohesive story of how vision and visual behaviors evolved. 
However, little is known about the visual acuities of anurans. Thus, we used the optomotor response to 
behaviorally quantify the acuity of two small, tropical frog species: the green-and-black poison dart frog, 
Dendrobates auratus, and the tùngara frog, Engystomops pustulosus. These frogs differ slightly in their 
natural histories, leading us to hypothesize that the poison frogs had higher visual acuities than the 
tùngara. To determine their visual acuity, we exposed the frogs to rotating black and white stripes of 
decreasing widths. They would exhibit the optomotor response by reflexively turning when viewing the 
stripes. We then calculated visual acuity as minimum separable angle (MSA) by determining the 
threshold of discrimination, or the narrowest stripe widths the frogs could perceive, based on whether 
they exhibited a positive optomotor response to that stripe width. We calculated the MSA of poison 
frogs as 4.033° and the MSA of tùngara frogs as 4.839°. These MSAs are weaker than previous visual 
acuities reported in two other larger species of frogs. This finding is consistent with visual acuity trends, 
as there is a positive relationship between body size and acuity. Our findings about the perceptual 
abilities of these small, tropical frogs warrants future research into visually dependent behaviors such as 
hunting and communication. Furthermore, this study contributes to the field of visual ecology by 
providing visual acuities for more anuran species, another piece in the puzzle of the evolution of the 
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I. Introduction 
Visual ecology is the study of how organisms use the visual system to fulfill their basic needs, 
accounting for the ecosystems they interact with and their evolutionary history (Cronin, Johnsen, 
Marshall, & Warrant, 2014). An important aspect of the visual system is visual acuity, the spatial 
resolution of the visual system or the ability to discriminate between two points or lines (Caves, 
Brandley, & Johnsen, 2018). In other words, it is the clarity of vision. Understanding the visual acuity of 
various species provides insight into how animals perceive and interact with their environment, and it 
helps to create a cohesive story of how vision and visual behaviors evolved.  On a practical level, 
understanding the visual abilities of a species allows us as researchers to eliminate our own perceptual 
biases (Caves, Nowicki, & Johnsen, 2019). Then, we can more precisely design behavioral tasks and 
develop hypotheses closely aligned with the sensory abilities of the animal. This study focuses on the 
visual acuity of two tropical frog species.  
Visual acuity varies widely across species, and many biological variables affect acuity. Eye type 
determines visual ability, as eyes have evolved to fit behavioral needs (Hall, Kamilar, & Kirk, 2012). 
Camera eyes have the highest visual acuity, followed by compound and then mirror eyes (Caves et al., 
2018). Visual acuity is also dependent on other structures of the eye, such as retinal ganglion cell density 
and focal length, the distance from the middle of the lens to the retina. One of the most precise 
predictors of visual acuity is longitudinal eye diameter, which increases focal length. Thus, acuity tends 
to be greater in larger animals, due to the positive correlation between body size and eye size (Caves et 
al., 2018; Corral-López, Garate-Olaizola, Buechel, Kolm, & Kotrschal, 2017; Ross & Kirk 2007). 
Ecological and behavioral factors also affect visual ability, with life strategies that put high 
demands on the vision system increasing acuity (Veilleux & Kirk, 2014). For example, mammalian 
predators tend to have higher visual acuity than non-predators. Diurnal mammals have higher acuities 
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than nocturnal mammals, and cathemeral species have acuities intermediate or comparable to diurnal 
mammals (Veilleux & Kirk, 2014). Finally, spatial complexity of habitat may increase visual acuity 
(Caves et al., 2018). Large, predatory birds and mammals with camera eyes have the highest acuity in 
the animal kingdom (Caves et al., 2018). 
The literature describes visual acuity in many mammalian, avian, and insect species. However, 
little is known about acuity in amphibians, and particularly in frogs and toads. There are approximately 
7,152 anuran species on this planet (Amphibiaweb, 2019a). Visual acuity has been reported in two, the 
northern leopard frog, Rana pipiens, (Aho, 1997; Birukow, 1937) and the common frog, Rana 
temporaria (Aho, 1996). Our research goal was to help fill in the gap by determining the acuity of two 
small, tropical frog species. Understanding the visual system of these animals will help decode the 
details and evolution of anuran behaviors, such as social communication, which has broader 
implications for vertebrate evolution. Furthermore, expanding the number of species with recorded 
visual acuities advances the field of visual ecology and contributes to a deeper understanding of the 
evolution of the visual system.  
This study included the green-and-black poison dart frog, Dendrobates auratus, and the tùngara 
frog, Engystomops pustulosus. The poison frog species inhabits wetlands and forests in Panama to 
Colombia (Somma, 2018). Tùngara frogs range from southern Mexico to Nicaragua and occupy a wider 
range of habitats, but are primarily associated with forest (Santos-Barrera et al., 2010).  Poison frogs are 
larger than tùngara, with a reported maximum length of 4.2 cm for poison frogs and 3.6 cm for tùngara 
(Somma, 2018; Barquero & Hilje, 2017). The appearance of D. auratus  is a vital part of their behavioral 
ecology. Poison frogs’ bright colors and patterns may function as camouflage, a warning to predators, 
and social and sexual signals (Rojas, 2016; Barnett et al., 2018). Tùngara frogs are a cryptic mottled 
brown on the dorsal side, mimicking leaf litter, and a light cream color on the ventral side. Male tùngara 
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frogs uses an inflatable vocal sac as a sexual signal designed to reflect moonlight, as the frogs breed at 
night (Cummings, Bernal, Reynaga, Rand, & Ryan, 2008). Poison frogs are diurnal, whereas tùngara are 
nocturnal. Finally, both species have demonstrated place learning abilities using visual cues (Liu & 
Burmeister, 2017; Ventura, Liu, & Burmeister, 2019). In particular, D. auratus is capable of spatial 
cognition and uses cognitive maps (Liu, Day, Summers, & Burmeister, 2019). Thus, they are able to 
visually perceive cues in their environment and use them to navigate. 
The natural history of these two species has been well described, but the basic biological 
question of their visual acuity is unknown. We hypothesized that poison frogs have a higher visual 
acuity than tùngara frogs because of D. auratus’ larger size, use of color and pattern visual cues, and 
diurnal pattern of activity. We investigated their visual acuities using a behavioral task that provoked the 
optomotor response.  
 
II. Methods 
The Optomotor Response 
The optomotor response is a commonly used behavioral measure of visual acuity (Cummings et 
al. 2008). It is an orienting reflex consisting of head or body movements in the same direction of visual 
motion. The optomotor response is induced using rotating vertical black and white stripes. The stripe 
widths are progressively made smaller until the animal no longer exhibits the optomotor response. The 
lack of response indicates that the animal cannot distinguish between the stripes, and the stripe width at 
this point is used to calculate visual acuity. Visual acuity is measured in minimum separable angle 
(MSA), the visual angle of the thinnest pair of black and white stripes that the animal can perceive in 
degrees (Caves & Johnsen 2017). 
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We induced the optomotor response with a device similar to ones 
used previously with frogs, consisting of a round platform surrounded by 
a circular drum (Figure 1; Cummings et al., 2008; Liu & Burmeister, 
2017). Black and white paper stripes were mounted on the sides of the 
drum using binder clips. We used six stripe widths: 6 cm, 4 cm, 2 cm, 
1.5 cm, 1.25 cm, and 1 cm. A solid black background was used as the 
control condition. The drum rotated on a belt connected to a battery-
powered motor at a speed of 5 RPM. This was the lowest rotation speed, 
chosen to ensure that the stripes did not blur together as they moved. The 
drum rotation speed was kept consistent over all trials. We recorded all trials with a camera above the 
device and EthoVision XT software (Noldus). The testing arena was lit with a bright overhead 
fluorescent bulb that allowed for clear contrast in the videos.  
 
Animals 
We tested six poison frogs (superblue morph) and eight tùngara frogs. The poison frogs had an 
average snout-to-vent length of 3.0 cm. The tùngara  frogs had an average snout-to-vent length of 2.5 
cm. All frogs were housed under conditions approximating their natural habitats: 12 hours of light/dark 
cycle and tropical temperature and humidity (25 C, 80% relative humidity). We fed them fruit flies 
dusted with calcium and vitamins. The University of North Carolina’s Institution for Animal Use and 




Figure 1. The optomotor 
device used to induce the 
optomotor response. 
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Trial Timeline 
We tested each individual frog in two successive trials. The frogs were first placed in a container 
for 10 minutes to allow their eyes to dark-adapt, a standard procedure in optomotor experiments. Then, 
we habituated the frogs to the device by placing them in the middle of the platform covered by an 
opaque cardboard tube that blocked their view of the stripes. The device was switched on for 5 minutes 
to allow the frogs to habituate to the overhead light, sound of the device, and vibration of the device. 
Then, the cardboard tube was removed and the first trial began. The turning direction of the first trial 
was determined in a pseudorandom manner with a random number generator. During the first trial, the 
frog was exposed to the turning stripes for 2 minutes. Then, we gave them a 30-second break where the 
device was switched off and not turning.  Finally, the same individual underwent another 2-minute trial 
with the device turning in the opposite direction of the first trial. We returned the frogs to their home 
cage after the second trial. Over the course of the study, each frog did multiple trials with each stripe 
width. All trials were conducted between 8 AM and 5 PM.  
 
Optomotor Response Analysis 
The videos for every trial were watched at 8x speed, so that the frog direction could be 
determined, but the turning direction of the drum was unclear. This allowed us to blindly score the 
direction the frog was turning. Each trial was scored based on the overall turning direction of the frog. 
Overall turning direction was determined based on whether the frog either turned only in that direction 
or turned more in that direction than the opposite direction. The scoring categories were: clockwise, 
counterclockwise, or NA (did not turn).  
We defined a positive optomotor response as frog movement following as the visual stimulus, 
the stripes. A matching trial was defined as a trial where the frog exhibited a positive optomotor 
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response. Thus, a matching trial was a trial where the overall turning direction of the frog was in the 
same direction as the drum. That is, during a positive clockwise trial the drum was turning clockwise 
and the frog either moved only clockwise or rotated more in the clockwise direction than the 
counterclockwise direction. Matching was coded as a dichotomous variable, such that 0 = frog turning 
direction did not match drum direction and 1 = frog turning direction did match drum direction.  
 
Frog Behavior in the Device  
The frogs exhibited a range of non-turning behaviors in the device. Early in experimental design, 
we attempted to eliminate this noise by confining the frogs to the middle of the device. All attempts to 
build an adequate harness failed; the frogs slipped out of every restraint. We also explored placing them 
under a transparent glass, however, we didn’t want to distort their vision. To best interpret these 
behaviors, we first categorized them into several general behaviors and scored them alongside the 
turning direction. We identified two passive behaviors: no movement, defined as a trial where the frog 
did not move from their initial position, and barely moved, define as a trial in which the frog’s body did 
not move significantly (e.g. only shifted in place, moved head, or pivoted).  
We also identified two active behaviors. There were a few trials where the poison frogs, who 
have suction discs on the end of their toes, jumped onto the walls of the rotating drum. Each time they 
quickly jumped off unharmed. Both species occasionally escaped the device by crawling or jumping 
between the drum and the platform. Whenever this occurred, the frogs were immediately retrieved and 
placed back on the platform. These active behaviors were categorized as: jumped onto the wall of the 
drum and jumped out of the device.  
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Visual Acuity Calculation 
This formula was used to calculate visual acuity as minimum separable angle in degrees: 
MSA = 2 arctan (0.5W/RD) 
W was defined as the smallest stripe width the species could discriminate, determined based on frog 
behaviors and the percentage of matching trials. RD was defined as the reactive distance, or the distance 
between the animal and the stripes. Since each frog began the trials in the middle of the device, the 




The two species behaved differently in the optomotor device in ways consistent with their natural 
histories (Figure 2). The poison frogs were very active, jumping longer distances and rotating more than 
the tùngaras. The tùngara frogs were less active than the poison frogs, with a higher percentage of trials 
with passive behavior (no movement or barely moved) compared to the poison frogs (Figure 2). The 
tùngara frogs also tended to crawled or hopped instead of jumping. Both species jumped out of the 
device occasionally.  
The stripe widths also elicited different behaviors (Figure 2). Both species did not move much 
when exposed to the two widest stripes (4 and 6 cm), and the tùngaras did not move much in the 1 cm 
condition. In contrast, both species had a higher percentage of active behaviors in response to the 
narrower stripes (1, 1.25 and 1.5 cm). All non-turning behaviors were reduced in the 2 cm condition, 
indicating that the frogs were mainly showing the optomotor response in this condition.  
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Figure 2. Non-turning behavior in the optomotor device, represented as percentage of trials in each 
condition where the behavior occurred. No bar indicates 0%. A-B are poison frog behaviors, C-D are 
tùngara frog behaviors. A-C are passive behaviors, barely moved and no movement. B-D are active 
behaviors, jumped on walls and jumped out. Note that the tùngara frogs do not have suction discs on 
their toes and are not physically capable of jumping out of the device. See Appendix Table 1 for exact 
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Positive Optomotor Responses 
During the total black control trials, both species were equally likely to turn in the direction of 
the drum or against the direction of the drum (50% matching trials; Figure 3). We performed one-
sample, two-tailed T-tests comparing the percentage of matching trials for each condition to the null 
hypothesis of 50% matching trials. The poison frogs responding positively to 2 cm stripes was the only 
condition that was significantly different from the control condition (t59= 2.71, p= 0.009). This condition 
had the highest number of trials (60) and it also had the largest effect size (g= 0.343). However, all of 
the conditions were statistically underpowered. See Appendix Table 2 for statistical values (t statistics, 
p-values, effect size, and power) for all conditions.  
 
Determining Visual Thresholds  
We drew conclusions about whether the species responded based on the behavioral observations 
and whether the percentage of matching trials in a stripe condition was higher than the percentage of 
matching black control trials (50%). The tùngara in the 1 cm condition had a high percentage of trials 
with both active and passive non-turning behaviors, which indicated that they were not exhibiting the 
optomotor response. This condition also had a very low percentage of matching trials (35.7%), also 
indicating that they were not exhibiting the optomotor response. Based off of these observations, the 
tùngara did not exhibit the optomotor response to the narrowest, 1 cm stripes. A similar pattern was 
observed for the tùngara frogs in the 1.25 cm condition, with only 28.6% of trials matching. Thus, we 
concluded that tùngara frogs were not responding to 1 or 1.5 cm stripes.  
For the lowest stripe widths, the poison frogs had similar percentages of matching trials, with  
52.8% of matching 1 cm trials and 55.6% of matching 1.25 cm trials. However, the frog behavior 
differed in the two conditions, and the effect sizes differed for these stripe widths, with g= 0.054 for the 
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1 cm trials and g= 0.110 for the 1.25 cm trials (Appendix Table 2). Thus, we concluded that the poison 
frogs were responding to 1.25 cm stripe widths but not 1 cm stripe widths.  
Based off of the matching trial percentages, both species responded to 1.5, 2, and 4 cm stripes. 
The highest percentage of matching trials were for the 2 cm condition, with tùngara frogs exhibiting the 
optomotor response in 71.4% of the 2 cm trials and poison frogs responding to the stripes in 66.7% of 
the 2 cm trials. The tùngara frogs responded to the widest, 6 cm stripes (65.0% matching) but the poison 
frogs did not (41.7% matching). 
  Still, there was some uncertainty in determining turning direction in trials with extraneous 
behavior. To eliminate this uncertainty, we excluded all trials where non-turning behavior occurred. The 
same general trend emerged, but with less ambiguous differences between trials (Figure 4). These data 
suggest that both species of frogs could not discriminate between the smallest stripe width (1 cm) and 
poison frogs could not discriminate between the largest stripe widths (4 and 6 cm). Thus, the narrowest 
stripes the poison frogs could perceive was 1.25 cm and the narrowest stripes the tùngara frog could 
perceive was 1.5 cm.  
 
 


















Figure 3. Matching trials by stripe width. The percent of total trials for each stripe width that each 






















Figure 4. Matching trials by stripe width after excluding trials with non-turning behavior. The percent of 
total trials for each stripe width that each species exhibited the optomotor response to, e.g. matching 
trials.  
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Visual Acuities 
Using the formula MSA = 2 arctan (0.5W/RD), we calculated the MSA of the poison frogs as 
4.033 degrees and MSA of the tùngara frogs as 4.839 degrees. To interpret these visual acuities, we used 
the R-package AcuityView to create images that approximate the spatial scenes that the four frog 
species perceive based on their visual acuities. In brief, AcuityView Fourier transforms the image, then 
multiples the transformation by a visual-system-relevant modulation transfer function, and creates the 
final image by removing spatial information at frequencies the organism cannot perceive (Caves & 
Johnsen 2017). We visualized a conspecific, Dendrobates auratus (Figure 4), as well as a prey species, 
Drosophila melanogaster (Figure 5). 
 
 
Figure 5. Green and black poison frog (Dendrobates auratus) viewed through the acuity of four frog 
species at a distance of 5 and 10 cm. The columns are arranged by worsening visual acuity. We assumed 
that the frog had a length of 3 cm and created the images in the R package AcuityView. Original image 
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Figure 6. Fruit fly (Drosophila melanogaster) viewed through the acuity of four frog species from 
distances of 1 and 5 cm. We assumed that the fly had a length of 3 mm and created the images in the R 
package AcuityView. Original image from Wikimedia Commons (photographer: Francisco Romero 






Overall, our study indicates that Dendrobates auratus have a slightly higher visual acuity than 
Engystomops pustulosus. The optomotor responses, or lack thereof, suggests that the minimum stripe 
width that the poison frogs could discriminate was 1.25 cm and the narrowest stripes the tùngara frog 
could discriminate was 1.5 cm. Based off of these findings, we calculated the MSA of poison frogs as 
4.033° and MSA of the tùngara frogs as 4.839°. We expected the poison frogs to have higher visual 
acuity than the tùngara frogs, considering the size and natural history of the two frog species. Poison 
frogs are slightly bigger than tùngara: the average length of poison frogs used in this study was 3.0 cm 
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research has found that nocturnal animals have lower visual acuity than diurnal species. The comparison 
of these two species support trends in acuity found in the literature.  
Visual acuity has been previously reported for two other anuran species. The reported MSAs of 
the common frog (Rana temporaria) and Northern leopard frog (Rana pipiens) were 0.357° and 0.232°, 
respectively (Aho, 1997; Birukow, 1937; Aho, 1996). These frogs have stronger visual acuity than the 
poison and tùngara frogs. However, these frogs are also considerably larger. Leopard frogs can reach a 
snout-to-vent length of 11 cm and common frogs can reach 8 cm (Amphibiaweb, 2019b; Miaud, 
Guyetant, & Elmberg, 1999). The frogs used in this study were all between 2.5 and 3.5 cm. There is a 
well-documented positive correlation between body size and visual acuity in other animals, and these 
data indicate that this trend holds true in anuran species (Caves et al., 2018).  
By human standards, these frogs are blind; the average human MSA is roughly 0.0167° and 
human legal blindness is 0.1° (Caves et al., 2018). The poison frogs, on the other hand, have an MSA of 
4.033°. What is the functional impact of this comparatively poor eyesight? We used the R package 
AcuityView to investigate the how frogs perceive their world through weaker visual acuity (Caves & 
Johnsen 2017). The resulting images suggest that all four frog species cannot perceive their prey, fruit 
flies, from distances as small as 5 centimeters (Figure 6). These frogs can clearly detect their prey, 
however, indicating that the frogs use another visual strategy. In anurans, motion detection and motion 
acuity may play a larger functional role than the ability to distinguish between fine spatial detail (visual 
acuity). In one of the establishing papers investigating visual perception, What the Frog's Eye Tells the 
Frog's Brain (1959), Lettvin, Maturana, McCulloch, and Pitts proposed “feature-detectors” in the frog 
eye that responded to certain kinds of stimuli, notably motion, but not others. Ewert (1974) expanded on 
this work, finding that Bufo bufo exhibits prey-catching responses to horizontal, moving stripes but not 
to vertical or horizontal stationary stripes. This suggests that the amphibian eye is specialized for 
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detecting motion (Ewert, 2004). This may be the mechanism through which they evade the problem of 
poor visual acuity during hunting, which future research could investigate.  
Eyesight is also important to social interactions between frogs, such as mating and territory 
disputes, which may be mediated by visual signals. Poison frogs have evolved bright colors and 
elaborate patterns which vary across geographically distinct populations and are identifiable as distinct 
“morphs” (Rudh, Rogell, & Höglund, 2007). These phenotypes may serve as visual signals to each 
other. However, our image models suggest that the fine detail of a conspecific’s pattern is not resolvable 
from a distance of 10 cm or greater (Figure 5).  Are D. auratus capable of detecting the intricate patterns 
on one another, or did the patterns and color evolve solely as camouflage and warning signals to their 
predators, sharp-eyed birds? There are clues from other species of poison frogs. Intraspecific visual 
signaling during mating has been studied in the poison frogs Oophaga pumilio. Female O. pumilio 
prefer brighter and more colorful males (Maan & Cummings, 2009; Maan & Cummings, 2009). This 
species can distinguish between morphs from different populations, and females prefer to mate with 
males of the same morph as themselves. Mate-choice studies in the strawberry poison frog, D. pumilio, 
performed under blue light conditions to homogenize color have demonstrated that females use color 
cues in distinguishing between morphs (Summers, Symula, Clough, & Cronin, 1999; Reynolds & 
Fitzpatrick 2007). These mate-choice studies indicate that some species of poison frogs do use visual 
signals from conspecifics to make social decisions. It is unclear, however, if the frogs also used pattern 
in their choices. Spatial detail in the form of body patterns may not be a vital part of this visual 
communication or the frogs might simply view each other from a very short distance to resolve the 
details. Further research is warranted to investigate the role of visual acuity and intraspecific 
communication in these animals, and to examine if these trends hold across species of poison frogs.  
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There are several limitations to this study, primarily that it was statistically underpowered. 
Additionally, there were slight differences in the visual stimuli. We created the 6, 4, 2, and 1 cm stripes 
with strips of construction paper that cut by hand. However, this technique was difficult for the finer 
measurements of the 1.5 and 1.25 cm stripes,  so those stripes were printed out. Finally, this behavioral 
test, as with many behavioral tests, was not ideally precise. Since the species in this experiment were 
active frogs that were not easily restrained, extraneous behaviors were an unavoidable consequence. 
These behaviors complicated analysis, and excluding trials where the behaviors occurred reduced 
statistical power even more. To solve these problems, we will next examine the eye anatomy of both 
species and determine anatomical visual acuity using retinal ganglion cell density. Anatomical visual 
acuity is a maximum theoretical acuity that is often, but not always, higher than behavioral measures of 
acuity which represent functional perception (Caves et al., 2018). Combining the two measures provides 
a more complete picture of the visual system of an animal. Examining the physical structure of the eyes 
of both frog species will reinforce these behavioral findings and allow us to draw conclusions about the 
theoretical versus practical visual acuity. 
This study has contributed to the field of visual ecology by providing new visual acuity estimates 
for two anuran species. Understanding these details may help us understand how the visual system 
evolved across amphibians, how this system is used in behaviors such as hunting and visual 
communication, and finally, shed insight into the evolution and purpose of the intricate colors and 
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Appendix: Extended Data 
Table 1. Number of positive or matching trials for stripe width condition by species and statistics 
for all trials (ie before excluding any for extraneous behavior). P-values were determined using 
one-sample, two-tailed T-tests comparing each condition to the control percentage of 0.5. Effect 










T statistic P-value Effect (g) Power 
1 36 19 52.8 0.33 .744 0.054 0.757 
1.25 36 20 55.6 0.66 .513 0.110 0.596 
1.5 36 20 55.6 0.66 .513 0.110 0.596 
2 60 40 66.7 2.71 .009 0.343 0.487 
4 36 21 58.3 1.00 .324 0.165 0.523 
6 36 15 41.7 -1.19 .242 0.165 0.4405 
Black 
control 









T statistic P-value Effect (g) Power 
1 14 5 35.7 -1.07 .302 0.282 0.520 
1.25 14 4 28.6 -1.71 .111 0.432 0.478 
1.5 16 10 62.5 1.00 .333 0.246 0.526 
2 14 10 71.4 1.77 .111 0.432 0.478 
4 14 8 57.1 0.520 .611 0.138 0.655 
6 20 13 65.0 1.37 .186 0.299 0.498 
Black 
control 
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Table 2. Behavioral observations of each species and condition. “Full rotation” was defined as a 
trial in which the frog moved 360 degrees around the drum. “Barely moved” was defined as a 




(number of trials) No movement Jumped out 
Jumped on 
walls Barely moved 
1 (36) 0 5 2 2 
1.25 (36) 0 7 7 1 
1.5 (36) 0 7 5 1 
2 (60) 2 1 0 1 
4 (36) 1 0 0 6 
6 (36) 6 0 0 5 
Black control (24) 2 3 4 3 
Tùngara frogs 
Stripe width 
(number of trials) No movement Jumped out 
Jumped on 
walls Barely moved 
1 (14) 3 3 0 1 
1.25 (14) 1 3 0 0 
 1.5 (16) 1 4 0 0 
2 (14) 1 1 0 0 
4 (14) 2 2 0 1 
6 (20) 3 1 0 3 
Black control (20) 5 6 0 0 
 
 
 
